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TABULATED CROSS SECTIONS\FOR HYDROGEN AND HELIUM PARTICLES
PRODUCED BY 62-MeV AND 29-MeV PROTONS ON 27A1

F. E. Bertrand and R. W. Peelle
ABSTRACT

Tabulated differential cross sections are presented
for the production of proton, deuteron, triton, helium-3,
and alpha particles from 27Al bombarded by 62- and 29-MeV
protons. At 62 MeV, continuum cross sections are listed
at 18 angles from 12 deg through 160 deg, while at 29 MeV
data are given at only three angles. The low-energy cut-
offs on the spectra range from 3 to 6 MeV. Angular dis-
tributions are given for excitation by 62 MeV protons of
states at 0, 2.2, 2.7, and 3.0 MeV in 27Al, and at 0, 1.06,
2.07, and 4.7 MeV in 28A1,

The differential cross sections for the production of proton, deu-
teron, triton, helium-3, and alpha particles produced by bombardment of
targets by 62-, 39-, and 29-MeV protons were measured over a secondary
energy range from ~3 to 62 MeV. The details of the experimental system
and data analysis have been reported elsewhere.l»2 This report gives
the tabulated cross sections for the secondary charged particles from
®7A1 bombardment by 61.5- and 28.8-MeV protons.

The incident protons were accelerated by the Oak Ridge Isochronous
Cyclotron, momentum analyzed in a 153-deg magnet and focused on the tar-
get in a spot of approximately 8-mm diameter. The reaction particles
from the target were detected in an all solid-state, three-counter
telescope utilizing lithium-drifted germanium as the total absorption

detector.®

The overall energy resolution attained by the spectrometer

was approximately 180 keV (FWHM) for most of the data reported here.

The secondary-particle type was determined by a combination of AE vs E

and flight time vs E methods which permitted unambiguous identification
over the whole reported energy range. Data were obtained from four

ADC's for each event, processed in an on-line PDP-8 computer, and written
on magnetic tape. The data were analyzed on the ORNL IBM-360 and CDC-1604

computers and on the PDP-8,



Three aluminum targets were used and in each case the targets were
commercially available aluminum foil. The thicknesses and nonuniformities
of the three foils are listed in Table 1, along with experimental param-
eters and estimated uncertainties. The thickness of the target was the
limiting factor for the low-energy cutoff of the alpha spectra while the
other particle spectra were limited by experimental factors shown in
Table 2. A list of the factors by which counts are multiplied to give
_millibarns (sterad:’.an)-1 (laboratory system) are given for each angle in
Table 3, .

The data tabulated in this report have been corrected for the effects
of: nuclear reactions in the germanium detector, 'dead" layer in the path
of the scattered particles, multiple scattering of the secondary protons
by the AE detectors, energy loss from the scattered particles in the tar-
get, the effective narrowing of the collimator aperture by the beam spot
size and alignment, and collimator edge penetration by the scattered
particles. These corrections are described in refs. 1 and 2.

The magnitudes of the '"tail" corrections for nuclear reactions in
the germanium detector and for collimator edge penetration are both depen-
dent upon the number and spectral distribution of recorded counts. These
corrections are significant only for protons at scattering angles less than
about 30 deg, where the spectra are dominated by strong elastic scattering,
and generally fall rapidly with angle within that range. The uncertainty
in the correction for collimator penetration is taken as 207 of the cor-
rection, which is approximately proportional to pulse height. This un-
certainty is significant only at 12 deg, as shown in the table below.

The uncertainty in the reaction tail correction is taken as 25% of the
correction, which rises from zero to its full value between 35 and 45 MeV
and then remains roughly constant up to the elastic peak.. The cross
section uncertainty in the standard correction is tabulated below for the
runs in which it is significant. These uncertainties must be combined
with the overall wuncertainties of Table 1 and with statistical uncer-

tainties.



an apparent continuum (presumably consisting of many weakly excited and
unresolved levels) was subtracted from the data. For example, in Fig. 1,
a smooth continuum with magnitude varying from ~ 1 to 0.5 mb/sr/MeV

would be subtracted from the peaks between 50 and 55 MeV. Tables 4-7 give
the elastic scattering cross sections and the differential cross sectionms
for the 2.21-, 2,73-, and 3.03 MeV levels obtained from the 27Al data.
From the ®7Al(p,d)2®Al reaction the differential cross sections for the
ground state (Q = -10.83 MeV), 1.06-, 2.07-, and 4.73-MeV levels in 28A1l
were obtained. These cross sections are listed in Tables 8-11, The Q
values given for the levels listed are those values obtained in the ex-
periment and are uncertain by * 0,02 MeV., The energies of the observed
low lying levels are in good agreement with known levels. Although

levels are seen in the ﬁriton and helium-3 plots, differential cross
sections for the observed levels have not been extracted. It should be
noted that the errors shown on the cross sections listed in Tables 4-11
and on other data tables to be discussed below are based on counting
statistics only and must be used with the systematic uncertaintiés (5%
overall) in Table 1.

Since data were obtained at only three angles for incident 28.8 MeV
protons, differential cross sections for the peaks observed were not
extracted. However, the elastic-scattering cross sections for the three
angles are listed in Table 12. 1Integrals over angle are not presented
in the report for 28.8-MeV protons due to the small number of data angles.

Table 13 is a list of the binned cross sections integrated over
angle for each particle type, for 62-MeV incident protomns, in units of
millibarns/MeV, and the energy listed is for the lower edge of each bin.
Table 14 shows the energy integrated laboratory cross sections at each
angle in units of millibarns/steradian, and the average energies in MeV,
for both 62- and 28.8-MeV incident protons. This table also lists the
low-energy cutoff for each particle type at each angle. The total cross
sections, in millibarns, average energies in MeV and average forward
momenta in MeV/e, for the observed proton, deuteron, triton, helium-3,
and alpha particles are listed in Table 15 for 62-MeV incident protons.

The secondary proton cross sections listed in the tables do not include



Uncertainty from reactiom Uncertainty from collimator

Angle tail correction at 45 MeV edge penetration at 45 MeV
62 MeV

12 deg + .45 mb (ster-Mev) £ 0.09 mb (ster-Mev)

15 deg + .30

30 deg + .01
29 MeV

11 deg + .36

30 deg + .04

A large amount of tail, uncompensated by the standard tail correc-

tions, has been found in the 62-MeV, 25-deg data. Presumably it was
caused by detector malalignment., To correct for the extra tail,
0.38 + .25 mb(ster-MeV)_1 was subtracted from the 25 deg proton data Be-
tween energies of 45 and 62 MeV, and a decreasing amount was subtracted
in the region between 35 and 45 MeV. The peak cross sections at 25 deg
were correspondingly increased by 127 + 8%. The uncertainties on these
excess reaction tails have been included in the tabulated data,

Figures 1-10 show the proton, deuteron, triton, helium-3, and alpha
spectra from aluminum at 30 deg for both 62- and 29-MeV incident protons.
This data was taken using the thinnest of the aluminum targets, the only
target thin enough to allow observation of the evaporation peak in the
alpha spectrum.

The spectrum of protons, deuterons, tritoms, and helium-3's at 62 MeV
show the presence of a number of closely spaced peaks from excitation of
levels in the residual nuclei. This is particularly the case for the
inelastic proton spectrum where only a few of the many levels observed
in Fig. 1 appear to be due primarily to excitation of a single state.
Differential cross sections were obtained for those particle groups
whose pulse-height resolution appeared consistent with that expected
from a single level (150 to 200 keV) and which could be separated from

nearby groups. In some cases, in order to obtain the peak cross sections,



the elastic scattering cross section, while the cross sections for the
other secondary particles include all observed events,

Tables 16-20 list for each angle the laboratory cross sections for
proton, deuteron, triton, helium-3, and alpha particle production from
62-MeV incident protomns on 27Al, binned in 0.4-MeV wide bins at low
energies and l-MeV wide bins elsewhere, in units of millibarns
(steradian)ul(MeV)_l. The bin energies listed are the center of the bins.
Tables 21-25 list the cross sections for the above particles produced by
28.8-MeV incident protons., Cross sections are listed for energies above

the cutoffs listed in Table 14,
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Table l. Experimental Parameters and Uncertainties

2771 Targets

62-MeV
Thicknesses 5.20 + 0.052; 3.80 + 0.038; 1.23 + 0.012 mg/cn®
Nonuniformities + 1% + 1% + 1.5%
29-MeV
Thickness 1.23 + 0.012 mg/en®
Normuniformities + 1.5%

Beam Energies

0100 runs 61.50 + 0.1 MeV
2000 runs 61.89 + 0.1 MeV
7000 runs 60.86 + 0.1 MeV
0000 runs 28.81 + 0.1 MeV

Collimators Used:
Material Thickness Area(+1.5%) Distance(#1

0100 runs Ta, 0.432 em  0.522 enf 45.8
0000 runs Ta 0.013 em  0.522 e’ 45.8
2000 runs Ni 0.653 cm 0.183 cn® 46.2
7000 runs Ni 0.653 em  0.265 em® L6,
Detector Angle + 0.5 deg
Zero Angle + 0.5 deg
Angular Resolution + 1.2 deg
Target Angle + 0.5 deg
Beam Spot Diameter 0.8 em
Beam Spot "Walk" + 0.4 cm
Collimator misalignment at
chamber center + 0.5 em
K (for Collimator Scattering
Correction) 0100 - 2.2
0000 - 2.2
7000 - 3.2
2000 - L.2
Uncertainty in various corrections to data + 1%
Uncertainty in number of Protons striking
target £ 1%
Uncertainty in dead time measurement + 2%

Combined Absolute Uncertainty e 5%
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Table 2. =7Al Low-Energy Data Cutoffs
Particle Type Cutoff Reason
62 MeV
Proton 2.8-3. 4 Mev TOF "fold over"
Deuteron 2.3-2.9 MeV TOF "fold over"
Triton 6.2-6.6 MeV Mass 3 ambiguity and target
thickness
Helium-3 6.6 MeV Mass 3 ambiguity and target
thickness
13.1 MEV Lack of TOF data
Alpha 2.8-5.7 MeV Target thickness
1h.5 MeV Lack of TOF data
29 MeV
Proton 1.8 Mev Target thickness
Deuteron 1.7 Mev Target thickness
Triton 6.2 MeV Mass~3 ambiguity
Helium-~3 6.6 MeV Mass-3 ambiguity
Alpha 2.5 MeV Target thickness
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Table 3., List of Angles, Run Numbers, and Factors
Lab Angle
(deg) Run Number Factor®
62 MeV

12 o117 5.2u5(-3§b
15 0116 8.440(-3
25 2047 1.253(-3)
30 7106 2.920(=k)
35 2004 5.557(=k)
40 2035 b1 (-4)
45 7101 2.522(-k)
50 2040 3.792(-L4)
55 2043 3.7h8(-4)
60 010k 6.980(-L)
65 2046 3.60L(-L)
70 2030 3.500(-4)
75 2021 1.310(-4)
82 2025 1.7L8(-k)
90 0110 3.502(-4)
110 0107 2.783(-4)
135 2065 2.369(-3)
160 2066 1.126(-3)

28.8 MeV

11 0033 1.4596(-2)
30 0026 2.210(=3)
60 003k 9.598(-k)

a)

Number by which counts are multiplied to give laboratory system
millibarns/steradian.

) cad as 5.245 x 1072
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Table 4. Tabulated Differential Cross Sections

2781 (p,p)? A1
E, = 62 MeV

Elastic Scattering

Cross Section Cross Section Statistical

Lab Angle C.M. Angle (Lab) (CoM.) Uncertainty
(deg) (deg) (mb/sr ) (mbo/sr) (+ %)
12 12.5 2002.1 1858.0 0.1
15 15.6 1463.7 1358.8 0.2
20.8 2L.6 3341 310.8 0.5
25 25.9 136.62 127.32 0.8
30 31.0 -Lh9.26 37.67 0.2
35 36.3 26.82 25.17 0.4
4o 1.5 22.7h 21.52 0.4
45 46.5 21.63 20. 47 0.3
50 51.6 6.71 6.39 0.7
55 56.7 2.98 2.85 1.1
60 61.9 2.33 2.25 1.7
65 66.9 1.49 1.4k 1.5
70 72.1 1.05 1.03 1.8
75 77.1 0.523 0.513 1.6
82 8L.1 0.221 0.229 2.8
90 92.3 0.136 0.136 5.1

0.0k7 8.0

110 117.2 0.0U46
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Table 5. Tabulated Differential Cross Sections
*"A1(p,p* A1

By = 62 MeV
= =2.21 MeV
Cross Section Cross Section  Statistical
Lab Angle C.M. Angle (Lab) (c.M.) Uncertainty
(deg) (deg) (mb/sr) (nb/sr) (+ %)
15 15.6 3. 66 3. 39 7.5
20.8 21.6 3.26 3.03 7.0
25 26.0 5.97 5.70 8.0
30 31.1 3.13 2.92 1.0
35 36.3 1.12 1.05 2.3
Lo bi.h 0. 43L 0. 409 3.6
45 46.5 0. 478 0. 452 2.4
50 51.6 0. 41k 0.394 3.2
55 56.8 0.312 0.298 3.5
60 61.9 0.269 0.258 5.1
65 67.0 0.136 0.131 5.2
70 72.1 0.116 0.113 5.7
75 772 0.085 0.083 4.3
82 8L.2 0.063 0.063 5.5
90 92.3 0.02L4 0.02L4 12.9

110 112.2 0. 0075 0. 0077 21.2
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Table 6. Tabulated Differential Cross Sections

27A1(p,p' M1
Ep = 62 MeV

Q = -2.73 MeV

Cross Section Cross Section Statistical

Lab Angle C.M. Angle (Lab) (c.M.) Uncertainty
(deg) (deg) (mb/sr) (mb/sr) (+ %)
15 15.6 2.40 2.22 11.6
25 26.0 1.0k 0.97 8.0
30 31.1 0. 40 0.37h4 4.5
35 36.3 0.377 0.353 5.1
Lo 4.5 0.235 0.222 5.8
45 46.5 0.164 0.155 4.8
50 51.6 0.143 0.140 5.6
55 56.8 0.103 0.099 6.8
60 61.9 0.091 0.088 9.2
65 67.0 0.042 0.0L40 10.3
70 72.1 0.026 0.025 14.5
75 T7.2 0.023 0.022 8.3
82 8h.2 0.012 0.012 16.0
90 92.3 0. 0047 0.00k7 33.5

110 112.2 0.0023 0.0023 37.0
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Table 7. Tabulated Differential Cross Sections
271 (p,p* )P AL

B, = 62 MeV
= =3.03 MeV
Cross Section Cross Section  Statistical
Lab Angle C.M. Angle (Lab) (CeM. ) Uncertainty
(deg) (deg) (mb/sr) (mb/sr) (+ %)
15 15.6 1.28 1.19 20.9
20.8 21.6 3.51 3.26 Te3
25 26.0 4.50 k.19 8.0
30 31.0 3.31 3.10 1.0
35 36.3 1.34 1.26 2.6
40 4.5 0. ko1 0. 463 3.0
45 L6.5 0.578 0.546 2.1
50 51.7 0. 478 0. 455 3.2
55 56.8 0.37h4 0.358 3.1
60 61.9 0.253 0.243 6.6
65 67.0 0.140 0.136 6.0
70 72.1 0.082 0.080 6.8
75 T7.2 0.078 0.076 ho7
82 8L.2 0.050 0.049 6.9
90 92.3 0.039 0.039 10. 4

110 112.2 0.0052 0.005k 23.3
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Table 8. Tabulated Differential Cross Sections

27Al(p,d)26Al
Ep = 62 MeV

Q = =-10.83 MeV
Ground State

Cross Section Cross Section Statistical

Lab Angle C.M. Angle (Lab) (CeM. ) Uncertainty
(deg) (deg) (nb/sr) (nb/sr) (+ %)
15 16.0 3. 67 3.27 5.0
20.8 22.0 1.4k 1.28 8.8
25 26. 4 1.34 1.21 3.2
30 31.7 1.20 1.08 1.6
35 37.0 1.0k 0.943 2.3
40 42.3 0.642 0.587 2.7
45 7. h 0.547 0.503 2.1
50 52.6 0.313 0.290 3.5
55 57.8 0.219 0.205 b1
60 63.0 0.191 0.180 6.2
65 68.1 0.107 0.102 5.9
70 73.2 0.073 0.070 7.3
75 78.3 0.0k7 0.0L46 5.5
82 85. L 0.037 0.036 7.1
90 93.5 0.017 0.017 15.2

110 113.3 0.0030 0.0031 35.7
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Table 9. Tabulated Differential Cross Sections

27Al(p,d)26Al
Ep = 62 MeV

Q = ~11.89 MeV

1.06=MeV State

Cross Section Cross Section  Statistical

Lab Angle C.M. Angle (Lab) (CeM. ) Uncertainty
(deg) (deg) (mb/sr ) (mb/sr) (+ %)

15 16.0 0.985 0.878 10.7
20.8 22.1 0. 4oL 0.4 16.0
25 26. 4 0.1410 0. 367 6.0
30 31.7 0.339 0.305 3.1
35 37.0 0.310 0.281 holy
40 42.3 0.183 0.167 5.3
45 7.k 0.136 0.125 9.5
50 52.6 0.075 0.069 7.9
55 57.8 0.067 0.063 7.9
60 63.0 0.053 0.050 11.9
65 68.1 0.030 0.029 12.2
70 73.2 0.019 0.018 15.5
75 78.3 0.015 0.014 10.8
82 85. 4 0.013 0.013 12.1
90 93.5 0.0035 0.0035 36.7

110 113.3 0.0024 0.0025 35.1
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Table 10. Tabulated Differential Cross Sections
27Al(p, d)26Al
Ep = 62 MeV

Q = =12.90 MeV

2.07-MeV State

Cross Section Cross Section  Statistical

Lab Angle C.M. Angle (Lab) (c.M.) Uncertainty

(deg) (deg) (mb/sr) (mb/sr) (= %)
15 16.0 1.12 0.994 11.6
20.8 22.1 1.206 1.07 9.9
25 26. 4 0.603 0.540 4.9
30 3L.7 0. 46k 0. 417 3.1
35 37.0 0.397 0. 360 ho1
40 42.3 0.293 0.267 4.0
50 52.6 0.145 0.135 5.8
55 57.9 0.099 0.092 6.5
60 63.0 0.099 0.093 8.7
65 68.1 0.073 0.069 8.0
70 73.3 0.042 0.040 12.7
75 78.3 0.015 0.01L 15.2
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Table 11. Tabulated Differential Cross Sections

2’7Al(p’ d)26Al

Ep = 62 MeV

Q = -15.56 MeV

4. 73-MeV State

Cross Section Cross Section  Statistical
Lab Angle C.M. Angle (Lab) (C.M.) Uncertainty

(deg) (deg) (mb/sr ) (mbo/s1) (+ %)
15 16.0 0.952 0.843 16.2
20.8 22.1 0.758 0.67h 17.3
25 26. 4 0. 642 0.573 6.5
30 31.8 0.575 0.516 2.3
35 37.2 0. 487 0. 439 5.0
4o 42.3 0.368 0.334 4.8
45 k7.5 0.269 0.246 4.9
50 52.7 0.198 0.183 6.3
55 58.0 0.11 0.103 9.7
60 63.1 0.134 0.126 9.5
65 68.3 0.106 0.100 7.6
70 73,4 0.045 0.043 13.2
75 78.3 0.036 0.035 9.7
82 85.4 0.025 0.025 12.7
90 93.5 0.015 0.015 21.9
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Table 12. 22A1(p,p)*"Al
Ep = 28.8 Mev
Elastic Scattering

Cross Section Statistical Error
Lab Angle (Lab) (mb/sr) (+ mb/sr)
11 %240 6.97
30 169 0.61

60 38.0 0.19
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Energy Integrated Total Differential Cross Sections

Table 14,

and Average Energy for 27A1l

Triton

Deuteron

Proton

COE
(MeV)

E
(MeV)

ot Ac
(mb/st)

COE
(MeV)

E
(MeV)

o * Ao

(mb/sr)

COE®
(MeV)

b
(MeV)

c t A
(mb/st)

Lab Angle

62 MeV

deg
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(continued)

Table 14.

Alpha

Helium-3

E COE
(MeV)  (MeV)

AC
(mb/sr)

-+

COE
(MeV)

E
(MeV)

ot Ao
(mb/st)

Lab Angle
deg

62 MeV
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Table 15, Total Cross Sections

27A1 62-MeV Incident Protons

Lower Energy

o+ Ao E2 pc? Limit
Particle (mb) (MeV) (MeV) (MeV)
Proton® 705.6 + 1.0 18.9 82.1 2.4
Deuteron 88.7 + 0.3 22.5 154.6 2.4
Triton 8.88 + 0.1 19.4 185.7 6.2
Helium-3 11.04 + 0.2 19.7 166.5 6.7
Alpha 165.0 + 0.5 9.0 68.6 2.9

a)

average energy

average forward momentum

c)

the proton cross section does not include elastic scattering
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